The zinc finger transcription factor MTF-1 (metal-responsive transcription factor-1) is conserved from insects to vertebrates. Its major role in both organisms is to control the transcription of genes involved in the homeostasis and detoxification of heavy metal ions such as Cu . In mammals, MTF-1 serves at least two additional roles. First, targeted disruption of the MTF-1 gene results in death at embryonic day 14 due to liver degeneration, revealing a stage-specific developmental role. Second, under hypoxic-anoxic stress, MTF-1 helps to activate the transcription of the gene placental growth factor (PlGF), an angiogenic protein. Recently we characterized dMTF-1, the Drosophila homolog of mammalian MTF-1. Here we present a series of studies to compare the metal response in mammals and insects, which reveal common features but also differences. A human MTF-1 transgene can restore to a large extent metal tolerance to flies lacking their own MTF-1 gene, both at low and high copper concentrations. Likewise, Drosophila MTF-1 can substitute for human MTF-1 in mammalian cell culture, although both the basal and the metal-induced transcript levels are lower. Finally, a clear difference was revealed in the response to mercury, a highly toxic heavy metal: metallothionein-type promoters respond poorly, if at all, to Hg 2q in mammalian cells but strongly in Drosophila, and this response is completely dependent on dMTF-1.
Introduction
All organisms have to cope with heavy metal stress, be it from exposure to non-essential, toxic trace elements, or from a depletion or excess of essential metals such as zinc and copper. Typical responses of all eukaryotes to heavy metal load are the activation of transmembrane exporters, down-regulation of importers, complexation of heavy metals by conjugation to glutathione and last but not least, transcriptional induction of genes encoding heavy metal scavengers, notably metallothioneins (MTs) (Palmiter, 1998; DeMoor et al., 2000; Vasak and Hasler, 2000; Finney and O'Halloran, 2003; Urani et al., 2003) . MTs are small, cysteine-rich proteins with the ability to complex heavy metals via their sulfhydryl groups. The enhancer-promoter regions of the genes encoding mammalian metallothioneins contain multiple characteristic DNA sequence motifs (TGCRCNC), so-called metal response elements (MREs) which are essential for metalinduced transcription (Stuart et al., 1984 (Stuart et al., , 1985 .
More than one decade ago we have identified and characterized MTF-1 (M I RE binding t I ranscription f I actor or m I etal-responsive t I ranscription f I actor), a transcription factor with six zinc fingers that binds MRE sequences (Westin and Schaffner, 1988; Radtke et al., 1993) . Whereas unicellular eukaryotes, such as yeast, have evolved their own metal-scavenging system (Thiele, 1988; Liu and Thiele, 1997) and while the process of metallothionein gene activation in the nematode worm C. elegans has remained elusive, MTF-1 is conserved in vertebrates and insects (Radtke et al., 1993; Brugnera et al., 1994; Auf der Maur et al., 1999; Dalton et al., 2000; Zhang et al., 2001) . We have recently identified and characterized dMTF-1, the MTF-1 homolog of the fruit fly Drosophila (Zhang et al., 2001; Egli et al., 2003) . In both mammals and Drosophila, MTF-1 requires zinc and its function is compromised by direct exposure to other heavy metals (Bittel et al., 1998; Giedroc et al., 2001; Zhang et al., 2001) . Accordingly, in a cell-free transcription system, MTF-1 activation by cadmium and copper (and H 2 O 2 ) was shown to occur indirectly, via release of zinc from metallothionein , respectively.) So far, three functions have been attributed to mammalian MTF-1. Firstly, it is a major regulator of heavy metal homeostasis and antistress responses upon heavy metal load Lichtlen et al., 2001; Saydam et al., 2002) . Secondly, it is essential for embryonic liver development; disruption of MTF-1 results in liver degeneration and death in utero at E14 (Gü nes et al., 1998) . This requirement is strictly stage-specific, because removal of MTF-1 in the liver of adult mice does not cause lethality; such mice are healthy under standard laboratory conditions but more sensitive to cadmium than wild-type mice (Wang et al., 2004) . Finally, MTF-1 contributes to the hypoxic/anoxic induction of the gene encoding placental growth factor (PlGF), an angiogenic protein of the vascular endothelial (A) Structural features of human and Drosophila MTF-1. The two proteins share the six zinc fingers, each with characteristic features, but outside these show very limited similarity, with patches of short amino acid motifs. Mammalian MTF-1 harbors three different types of activation domains, an acidic, a proline-rich and a serine/threonine-rich one (Radtke et al., 1995; Giedroc et al., 2002) . It also contains a nuclear localization sequence (NLS), a nuclear export sequence (NES), a putative sumoylation motif (626 to 629) and a C-terminal cysteine cluster that has been implicated in the heavy metal response (Saydam et al., 2001; Chen et al., 2004) . The GenBank accession numbers are NP 005946 and CAC 14297 for hMTF-1 and dMTF-1, respectively. (B) The reporter promoters for mammalian cell transfections, and for generating transgenic Drosophila. The mouse metallothionein-1 (mMT-1) enhancer-promoter region is shown on top, below is the synthetic promoter with four tandem copies of the strongest MRE. The strong promoter for Drosophila metallothionein A (MtnA) is shown underneath. growth factor (VEGF) family (Green et al., 2001) . Unlike the situation in mammals, null mutant Drosophila develop normally and are fertile under standard laboratory conditions. However, such flies suffer from a severely compromised heavy metal homeostasis/detoxification system and are sensitive to cadmium, zinc and copper and, somewhat unexpectedly, also to copper deprivation (Egli et al., 2003) .
The highly conserved zinc fingers notwithstanding, Drosophila and mammalian MTF-1 display little sequence homology (Zhang et al., 2001 ). Here we show that they nevertheless complement each other in several aspects of heavy metal responsiveness, including a protective role against copper depletion. However, we also observed differences between these cells/organisms, most notably in their response to mercury, a highly toxic heavy metal and environmental pollutant (Tchounwou et al., 2003) .
Results
Human MTF-1 is able to rescue the sensitivity of dMTF-1 mutants to both high and low copper concentrations Both mammalian and Drosophila MTF-1 have been shown to be essential for an efficient response to heavy metal load (Radtke et al., 1993; Heuchel et al., 1994; Egli et al., 2003) . However, there is only a limited similarity between the two transcription factors outside of the zinc finger region ( Figure 1A ). Therefore we decided to examine the properties of the transcription factor from mammals and insects in response to different heavy metals, and also to investigate whether they could complement each other during heavy metal load. For this, we tested them in the fly and in mammalian tissue culture using different reporters, schematically depicted in Figure 1B . An expression vector for hMTF-1 or dMTF-1 was transfected into MTF-1 knockout cells (dko7) together with either mMT-1 or 4=MREd reporter constructs. Cytoplasmic total RNA was extracted after metal induction for 4 h and subjected to S1 nuclease mapping (see also Zhang et al., 2001) . Reference: CMV promoter.
To explore the complementation properties of the metal transcription factors from the two species, several transgenic Drosophila lines were obtained which expressed hMTF-1 under the control of a constitutively expressed Gal4 activator. Some of the transgenic lines displayed a reduced viability in normal food, perhaps due to inadequate activation of some genes. However, the ability of hMTF-1 to complement a null mutant of dMTF-1 became obvious when the larvae were raised in food containing various heavy metals or also in the presence of a copper chelator, bathocuproine disulfonate (BCS). A clear-cut rescue from copper depletion was already seen in 50 mM BCS, where no MTF-1 mutant flies survived but almost all transgenic flies containing hMTF-1 developed to adult flies. Likewise, hMTF-1 conferred substantial resistance to 1 mM copper (50% survivors, relative to none with the knockout); even at 2 mM copper there was a survival advantage for flies harboring the human MTF-1 transgene. Increased survival was also seen upon exposure to 100 mM or 200 mM cadmium, whereas the difference with zinc was less pronounced (Figure 2A ).
To quantify the activity of the hMTF-1 transgene in Drosophila, we compared the levels of endogenous metallothionein A (MtnA) transcripts in dMTF-1 heterozygous (dMTF-1 q/y ) and hMTF-1 transgenic flies after exposure to various metals, namely, zinc, copper and cadmium. As seen in Figure 2B , all the three metals strongly induced the transcription both in the dMTF-1 heterozygous flies and also, albeit to a lesser extent, in the hMTF-1 transgenic flies.
Mirroring the situation in transgenic Drosophila, a dMTF-1 transfected into mouse MTF-1 knockout cells restored responsiveness to cadmium and zinc to two reporter constructs, driven on the one hand by the mouse MT-1 promoter, and on the other hand by multiple copies of one of its MRE sequences (4=MREd) ( Figure  2C and Table 1 ; see also Zhang et al., 2001 ). These results strongly suggest that with respect to responsiveness to cadmium and zinc, dMTF-1 and hMTF-1 are functionally equivalent.
MTF-1-dependent expression of metallothioneins by mercury in Drosophila but not in mammalian cells
We also wanted to compare the response of insects and mammals to mercury, another environmentally highly relevant metal. To this end, we tested the response of Drosophila larvae to various concentrations of mercury in the food. We used a reporter gene coding for enhanced yellow fluorescent protein (EYFP) whose expression is driven by the MtnA promoter, the most abundant Drosophila metallothionein ( Figure 1B) . Expression of this reporter promoter was barely detectable in normal food, in the absence of any heavy metal load, but strongly induced in a concentration-dependent manner by mercury ( Figure  3A) . Judged by fluorescence intensity, a plateau was reached at about 250 mM, where the level of induction is comparable to exposure of the larvae to 100 mM cadmium. Mercury induction and even basal level expression of that promoter were strictly dependent on the presence of MTF-1 since no trace of fluorescence could be detect- Human HeLa and mouse dko7 cells were transfected together with an expression clone for hMTF-1 and a luciferase reporter gene driven by the complete mouse MT-1 enhancer-promoter or the synthetic 4=mMREd promoter (see Figure 1B) . Induction factors were calculated as the ratio of normalized luciferase activity in metal treated versus control cells. Data represent the mean"SD of five independent experiments. ed in larvae lacking MTF-1 ( Figure 3B ). To quantify this response, S1 mapping of total RNA from the larvae fed with mercury-containing food was performed. Indeed, expression of the MtnA and MtnB genes were activated by mercury in a dose-responsive manner and strictly dependent on MTF-1 ( Figure 3C ). The observed weak residual response of the MtnA gene to cadmium in the absence of MTF-1 can be explained by a backup cadmium response system that has been described for mammalian cells and acts via oxidative stress response (Andrews, 2000) . One possible way to overcome cadmium toxicity is by complexation of cadmium to glutathione, followed by sequestration into vacuoles or excretion from the cell, where upon glutathione is depleted and may result in oxidative stress (Shukla et al., 2000; Tandon et al., 2003) .
Surprisingly, in contrast to this strong, dMTF-1-driven activation of metallothionein transcription by mercury in Drosophila, we found no comparable induction in mammalian cells. As shown in Figure 3D , both in HeLa cells and in MTF-1 knockout cells (dko7) transfected with hMTF-1, there is a good response to zinc, but at most a marginal response upon exposure of cells to 50 mM mercury. This response was not improved by increasing (or decreasing) the mercury concentration; in fact, at a concentration of 250 mM mercury, which is tolerated by Drosophila larvae, most of the mammalian cells died (data not shown).
Discussion
Vertebrate and Drosophila MTF-1 are highly conserved in the region of the six zinc fingers but are quite divergent in most other parts. We therefore set out to determine in more detail similarities, as well as differences, in the heavy metal response between these two types of organisms.
In a series of experiments we also tested the ability of hMTF-1 to complement the absence of dMTF-1 during heavy metal load and copper depletion. For this, Drosophila larvae were grown in different types of food. Transgenic strains expressing hMTF-1 under the control of a constitutively expressed Gal4 activator showed a mildly reduced viability in normal food, which could be explained by ectopic expression of some dMTF-1 nontarget genes. Importantly, however, hMTF-1 can functionally replace dMTF-1 partially by rescuing the ability to tolerate heavy metal load. This effect was most obvi- ous with copper load and copper depletion, substantial with cadmium but modest with zinc. A curious feature is the greater sensitivity of Drosophila MTF-1 knockout flies not only to excess copper but also to copper depletion, as manifested upon growing the larvae in food with a strong extracellular copper chelator, BCS (Egli et al., 2003, and Figure 2A ). The detailed mechanism for the sensitivity of mutants to copper deprivation remains to be elucidated, however a candidate gene has already been identified: Ctr1B, a copper importer, is induced in an MTF-1-dependent manner by copper depletion rather than copper load (H. Zhou, H. Yepiskoposyan, A. Selvaraj, D.J. Thiele and W. Schaffner, unpublished results) . This was an unexpected finding, because MTF-1 normally activates transcription at high metal concentrations. Whatever the mechanism of this counterintuitive activity of dMTF-1 in regulating Ctr1B expression, it is also used by human MTF-1 to confer substantial protection to Drosophila against copper deprivation. A direct transcript mapping of the endogenous MtnA has confirmed the response of Drosophila larvae to copper, cadmium and zinc and its strict dependence on MTF-1. While basal level expression of the MtnA was the same in hMTF-1 transgenic Drosophila as in dMTF-1 heterozygotes, the metal response was somewhat blunted with the hMTF-1 transgene.
One striking difference became evident in the response of Drosophila and mammalian cells to mercury, a highly toxic heavy metal that is a serious environmental pollutant. Drosophila larvae, unlike mouse or human cells, displayed a very strong metallothionein induction and high tolerance to mercury. In contrast, neither mouse nor human cells transfected with hMTF-1 significantly responded to mercury with the induction of either a complete metallothionein promoter or a synthetic one with multiple MREs. It is not clear at present whether the ability to mount a mercury response is due to a genuine property of dMTF-1 or rather of the insect host. Thus it will be interesting to see whether a dMTF-1 transgene can also confer a greater mercury resistance to mammalian cells and vice versa whether a human transgene is able to respond to mercury in Drosophila.
There is another clear difference between the genuine roles of mammalian and Drosophila MTF-1; mammalian MTF-1 is also essential for proper development, with the knockout mice dying in utero around embryonic day 14 from liver degeneration, whereas Drosophila lacking MTF-1 can develop normally under standard conditions (Gü nes et al., 1998; Egli et al., 2003) . Also, there might be a difference in the hypoxic-anoxic response. We consider it unlikely that dMTF-1 can substitute for hMTF-1 in the induction of the enhancer-promoter of PlGF. Mammalian MTF-1 co-operates with NF-kB in the hypoxic response, and the MTF-1-NF-kB interaction domain mapped on human MTF-1 falls into a region that is poorly conserved between the two species (I. Nagy and W. Schaffner, unpublished results). Taken together, we have demonstrated here that the two transcription factors from very distant species can complement each other, in spite of considerable differences in protein sequence, but also that certain specific functions are most likely peculiar to each organism (Figure 4 and Table 1 ).
Materials and methods

Cell culture and transient transfection assays
HeLa (human cervix carcinoma) and dko7 cells (double knockout, MTF-1 null mutant mouse fibroblasts derived from mouse embryonic stem cells; Radtke et al., 1995) were cultured in Dulbecco's Modified Eagle's Medium (DMEM) (Gibco, Paisley, UK) supplemented with either 2.5% or 10% fetal calf serum (FCS), 100 U/ml penicillin, 50 mg/ml streptomycin and 2 mM L-glutamine. For transient transfections, the reporter gene consisted of the firefly luciferase coding sequence driven either by a fulllength mouse MT-1 promoter or a synthetic 4=mMREd promoter was used. The reference gene was b-galactosidase under the control of ubiquitously active cytomegalovirus promoter (pCMVLacZ). Reporter and reference genes were transfected into cells together with the expression vectors for hMTF-1 or dMTF-1 wherever needed by the calcium-phosphate co-precipitation method (Graham and van der Eb, 1973) . After 16 h cells were washed with tris-buffered saline and incubated for 24 h in DMEM supplemented with required amount of FCS. Cells were then serum-starved for 24 h and challenged with or without 100 mM ZnCl 2, or 50 mM HgCl 2 or 60 mM CdCl 2 for 4 h before harvesting the cells. Luciferase activity was then measured according to manufacturer's instructions (Promega, Madison, USA).
Fly food
Flies were raised on standard cornmeal molasse-based food supplemented with HgCl 2 , CuSO 4 , ZnCl 2 or CdCl 2 where indicated.
Rescue experiments
The cDNA of hMTF-1 or dMTF-1 was cloned into vector pUASp. Several transgenic lines were generated and tested for rescue ability. Rescue experiments were performed at 258C for dMTF-1 and at 188C for hMTF-1 to decrease the transcriptional activity of Gal4 since high expression levels of hMTF-1 in Drosophila are lethal. Gal4 is temperature sensitive and is transcriptionally less active at 188C than at 258C, raising the survival rate of hMTF-1 expressing flies from 0 to about 60% (Kumar and Moses, 2001 ).
EYFP reporter experiments
The MtnA promoter (-446 to q74) was cloned from genomic DNA using the primer pair 5'-CGG GAT CCA GGT ATG GGC TAT TTA GGC C-3' and 5'-GGG ATG GCC CCA AAG GAT CTG-3' in a pCasper4-derived vector carrying EYFP-coding sequence and the SV40 pA site. Details of the cloning procedure are available upon request.
Third instar larvae were transferred to tubes supplemented with different concentrations of HgCl 2 in the range of 10-750 mM or 100 mM CdCl 2 . After 24 h, photographs of EYFP expression were taken with a Leica MZ FLIII fluorescence stereomicroscope and a Nikon Coolpix 950 digital camera (Leica, Heidelberg, Germany).
RNA extraction and S1 nuclease protection assay
Transient transfections and nuclease S1 mapping of transcripts were performed as described previously (Weaver and Weissmann, 1979; Westin et al., 1987) . Briefly, OVEC reporter constructs driven either by a mouse MT-1 promoter or a synthetic promoter with four tandem copies of the strongest MREs (MREd) from MT-1 promoter were transfected into mouse embryonic fibroblasts lacking MTF-1 together with an expression vector for hMTF-1 or dMTF-1 using calcium-phosphate coprecipitation method. Cytoplasmic total RNA was extracted after induction with 100 mM ZnCl 2 or 50 mM CdCl 2 for 4 h using the TRIzol reagent (Life Technologies, Paisley, UK). The nuclease S1
mapping of transcripts with 100 mg of total RNA was performed.
The gels were developed using a PhosphorImager (Molecular Dynamics, Uppsala, Sweden) and bands were quantified with the ImageQuaNT software. In Drosophila, third instar larvae were transferred for 6 h to food containing 50, 250 mM HgCl 2 or 50 mM CdCl 2 or to nonsupplemented food, total RNA was extracted and processed as described above.
